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The demand for low-fat, high-protein dairy products, such as yoghurts and fresh cheeses is 26 
growing considerably. However, reduction of fat, with a concomitant increase in protein, 27 
contributes to textural and functional challenges in the finished products. The aim of this 28 
study was to investigate how the rheological, microstructural, textural and water holding 29 
properties of acid-induced milk protein gels are influenced by the addition of a commercial 30 
protein-based fat replacer (Simplesse 100), i.e., microparticulated whey protein (MWP). 31 
MWP was added to fat-free, high-protein samples (<0.3%, w/w, fat; 8%, w/w, protein) at 32 
different concentrations (0–4.4%, w/w). The gel properties were significantly influenced by 33 
the addition of MWP, due to the prevention of casein aggregation and creation of serum 34 
channels. The gels containing MWP had lower storage modulus, lower yield stress, lower 35 
firmness, higher porosity, lower tortuosity and lower water holding capacity compared with 36 
the control gel (without MWP).  37 
______________________________________________________________________ 38 















1.  Introduction 40 
 41 
The demand for low-fat, high-protein variants of dairy products, such as yoghurts and 42 
cheeses, has increased dramatically over the last 20 years (Drake & Swanson, 1995; 43 
Purwanti, van der Goot, Boom, & Vereijken, 2010; Rodrı́guez, 1998). However, such 44 
products have textural, rheological and microstructural properties that are very different from 45 
those of their full-fat counterparts. For instance, th  removal, or reduction, of fat causes 46 
several challenges with acceptability of the final products, such as poor texture, lack of 47 
flavour and undesirable colour (Mistry, 2001). In addition, the increase in protein content 48 
leads to strong and tight networks due to a reduction of the distance between the protein 49 
particles in the matrix, resulting in products that are firmer and have a more rubbery mouth-50 
feel than their full-fat equivalents (Chever, Guyomarc’h, Beaucher, & Famelart, 2014; 51 
Purwanti et al., 2010). 52 
Three main approaches have been investigated to address the challenges associated 53 
with fat removal or reduction in dairy products (Drake & Swanson, 1995; Mistry, 2001; 54 
Tufeanu & Tiţa, 2016): (a) modification of conventional dairy processing technologies to 55 
improve moisture retention and/or increase the surface area of fat globules during 56 
homogenisation; (b) use of adjunct cultures to improve flavour development; (c) use of fat 57 
replacers to improve texture and flavour. These approaches result in modification of the 58 
intermediate acid- or rennet-induced gel microstructure and, ultimately, in the physical and 59 
organoleptic properties of the final product. 60 
Fat replacers may be divided into two categories: (a) fat substitutes, which are fat-61 
based materials and (b) fat mimetics, which are generally polar, water-soluble compounds 62 
and may be protein- or carbohydrate-based. Protein-based ingredients, such as 63 















in adding value to whey produced by the dairy industry and to the nutritional contribution of 65 
the added whey proteins (Hinrichs, 2001; Smithers, 2015). Different authors have suggested 66 
the use of MWP as a fat replacer to provide desirable physical and organoleptic properties in 67 
low-fat dairy products such as ice creams (Karaca, Guven, Yasar, Kaya, & Kahyaoglu, 2009; 68 
Yilsay, Yilmaz, & Bayizit, 2006), stirred and set-style yoghurts (Barrantes, Tamime, Muir, & 69 
Sword, 1994; Sandoval-Castilla, Lobato-Calleros, Aguirre-Mandujano, & Vernon-Carter, 70 
2004; Tamime, Kaláb, Muir, & Barrantes, 1995; Torres, Janhøj, Mikkelsen, & Ipsen, 2011; 71 
Torres, Mutaf, Larsen, & Ipsen, 2016) and cheeses (L e, Huss, Klostermeyer, & Anema, 72 
2013; McMahon, Alleyne, Fife, & Oberg, 1996; Romeih, Michaelidou, Biliaderis, & 73 
Zerfiridis, 2002; Sahan, Yasar, Hayaloglu, Karaca, & Kaya, 2008; Schenkel, Samudrala, & 74 
Hinrichs, 2013; Sturaro, De Marchi, Zorzi, & Cassandro, 2015), by increasing moisture 75 
retention, thereby improving texture and yield. More recently, a study showed that micro-76 
structuring of whey proteins, and the use of these protein particles that mimic fat-like 77 
properties, is an interesting approach to modulate the textural properties of high-protein foods 78 
(Purwanti, Peters, & van der Goot, 2013). 79 
However, in comparison with the applications above, th  use of MWP as a fat 80 
replacer or as a protein micro-structuring tool in high-protein fresh dairy systems has 81 
received much less attention. Most studies in this area have been conducted in cheese 82 
products, after whey separation, brining (Kavas, Oysun, Kinik, & Uysal, 2004; Koca & 83 
Metin, 2004; Lobato-Calleros et al., 2007) and ripen ng (McMahon et al., 1996). Other 84 
studies have been conducted in low-protein yoghurt products (Sandoval-Castilla et al., 2004; 85 
Tamime et al., 1995). Therefore, the effect of MWP on the acid gelation, and on the physical 86 
properties of the resulting (in particular, high-protein) acid milk gels is extremely limited. In 87 
this context, the objective of this study was to investigate how the addition of a commercial 88 















free, high-protein formulations (<0.3% fat; 8% protein) influenced the acid gelation of the 90 
protein suspensions and the rheological, microstructu al, textural and water holding 91 
properties of the resulting acid milk gels. This commercial ingredient is a natural dairy 92 
ingredient made from whey protein concentrate that undergoes a microparticulation process 93 
by simultaneous heating and shearing.   94 
 95 
2.  Materials and methods 96 
 97 
2.1.  Milk protein ingredients  98 
 99 
The ingredients used in this study were as follows: medium-heat skim milk powder 100 
(SMP; Westbury Dairies Ltd., Wiltshire, UK), milk protein concentrate (MPC; Délicelait 101 
Normandie, Moyon, France) and Simplesse® 100 microparticulated whey protein concentrate 102 
(MWP; CP Kelco, Atlanta, GA, USA). The concentrations of protein, lactose, fat, moisture 103 
and ash were, respectively: 33.0, 56.6, 0.6, 3.5 and 6.3% (w/w) for SMP; 70.0, 17.0, 1.2, 4.0 104 
and 7.8 (w/w) for MPC and 52.5, 35.1, 4.1, 3.6 and 5.0% (w/w) for MWP.  105 
 106 
2.2.  Preparation of reconstituted milk protein suspensions  107 
 108 
Five milk protein suspensions were prepared from different blends of the milk protein 109 
ingredients: control (C) (without MWP addition); low MWP (LS) (0.55%, w/w, MWP), 110 
medium MWP (MS) (1.10%, w/w, MWP), high MWP (HS) (2.20%, w/w, MWP) and total 111 
MWP (TS) (4.40%, w/w, MWP). The incorporation levels for the MWP were based on 112 
recommended use levels by the manufacturer (0.5 to ~4%, w/w). The level of addition of 113 















keep the protein content of the system constant at 8%, w/w (i.e., MWP replaced MPC). The 115 
protein composition of the milk protein suspensions is presented in Table 1. The ingredients 116 
were reconstituted in deionised water under constant m gnetic stirring at 22 °C and sodium 117 
azide was added to the milk protein suspensions (0.02%, w/w) to prevent bacterial growth. 118 
The pH of the suspensions was adjusted to 6.6 using 1 M HCl and/or 1 M NaOH and they 119 
were equilibrated at 4 °C for 18 h to ensure complete r hydration. 120 
 121 
2.3.  Viscosity measurements in unheated reconstituted milk protein suspensions 122 
 123 
Viscosity of the unheated reconstituted milk protein suspensions was measured using 124 
a Discovery Hybrid Rheometer (TA Instruments, Crawley, UK) equipped with a concentric 125 
cylinder geometry (internal diameter = 25 mm; external diameter = 27.5 mm). Samples (25 g) 126 
were loaded and allowed to equilibrate at 20 °C for 2 min, before being pre-sheared at 250 s-1 127 
for 1 min and were then equilibrated at 0 s-1 for 1 min. After this, the shear stress and 128 
apparent viscosity were monitored over a shear rate range from 10 to 500 s-1 over 2 min at 20 129 
°C. The average apparent viscosity at 500 s-1 was recorded. 130 
 131 
2.4.  Particle size measurements in unheated reconstituted milk protein suspensions 132 
 133 
The size of particles in the reconstituted milk protein suspensions were measured by 134 
dynamic light scattering (DLS) using a Zetasizer (Malvern Instruments Ltd., Malvern, UK). 135 
Before analysis, the initial reconstituted suspensio s were diluted 1:100 with ultrapure water. 136 
The parameters used were as follows: material refractive index, 1.45; dispersant refractive 137 















scans were completed per run in 3 independent samples for each reconstituted milk protein 139 
suspension.  140 
 141 
2.5.  Heat treatment of reconstituted milk protein suspensions 142 
 143 
A high-temperature short-time (HTST) heating process was conducted at laboratory-144 
scale using a TA Instruments ARG2 controlled-stress heometer (TA Instruments, Crawley, 145 
UK) equipped with a starch pasting cell geometry and TRIOS v.8.32 software. The pH of 146 
suspensions was adjusted to 6.6, if necessary, before heat treatment. The suspensions were 147 
equilibrated at 20 °C for 2 min, and the temperature was then increased at 10 °C min-1 to 80 148 
°C, with a holding time of 106 s at 80 °C before being reduced at 10 °C min-1 to 30 °C, 149 
followed by a hold time of 5 min at 30 °C. A shear r te of 15 s-1 was applied and viscosity 150 
was recorded during heating, holding and cooling. At least three replicates for each milk 151 
protein suspension were subjected to this heat treatment.  152 
 153 
2.6.  Production of acid milk gels from heated milk protein suspensions 154 
 155 
Acid milk gels were produced by acidification of the eated milk protein suspensions 156 
with 2.5% (w/w) glucono-γ-lactone (GdL, Sigma-Aldrich, St. Louis, MO, USA). Samples 157 
were kept at 30 °C for up to 8 h until a pH of 4.8 was attained. The pH of the suspensions 158 
was monitored over time during acidification using a pH meter. 159 
 160 
















The rheological properties of acid gel formation were monitored by small amplitude 163 
oscillatory rheology (SAOR) using a Discovery Hybrid Rheometer (TA Instruments) 164 
equipped with a concentric cylinder geometry (interal diameter = 25 mm; external diameter 165 
= 27.5 mm). The test conditions used were frequency of 0.1 Hz, maximum strain of 1%, and 166 
were previously established to be within the linear viscoelastic region for these samples. 167 
Storage modulus (G′) values were recorded until pH 4.8 was attained. Gelation was defined 168 
as the time post GdL addition at which the G′ value of the gel exceeded 1 Pa. The large 169 
deformation properties of acid milk gels formed in s tu were determined by applying a single, 170 
constant low shear rate (0.01 s-1) up to the yielding of the gel (yield stress and yield strain 171 
determination). The apparent stress and strain at yield were defined as the point when shear 172 
stress started to decrease. Measurements were taken in triplicate for each milk protein system. 173 
 174 
2.8.  Microstructural characterisation of acid milk gels 175 
 176 
The microstructural observations were performed using an inverted Olympus 177 
FluoView® FV1000 confocal laser scanning microscope (CLSM) (Olympus America Inc., 178 
Melville, NY, USA). Fast Green FCF (Sigma-Aldrich) was used to label the protein phase of 179 
the systems to observe the protein network of the resulting acid milk gels. Fast Green FCF 180 
dissolved in water (0.1%, w/v) was added to the heat-tr ted suspensions just after the 181 
addition of GdL (2.5%, w/w) to reach a final concentration of 0.005% (w/v). The mixture (1 182 
mL) was transferred to CoverWellTM perfusion chambers (PCL1L-2.5; Grace Bio-Labs, 183 
Bend, OR, USA) and the perfusion chambers were incubated at 30 °C until the target pH of 184 
4.8 was attained. This system enabled in situ and no -destructive examination of the 185 
microstructure of the acid milk gels. Representative images of each sample were taken using 186 















provided by He/Ne lasers. Images of 1024 × 1024 pixels in size were acquired using a zoom 188 
factor of 5×.  189 
 Image analysis of CLSM micrographs was performed using ImageJ software. At least 190 
10 representative images of each acid milk gel were chosen for image analysis processing. 191 
Two microstructural parameters of acid milk gels, porosity and tortuosity, were determined 192 
following the protocol developed previously (Silva, Legland, Cauty, Kolotuev, & Floury, 193 
2015). The porosity is defined as the ratio between th  aqueous phase area and the total area 194 
of the image and corresponds to the area fraction that are pixels represented in the image that 195 
do not contribute to the protein network of the gel. The tortuosity is defined as the ratio 196 
between the shortest path between two opposing borders of the image (i.e., avoiding the 197 
protein network) and the Euclidian distance between th  same borders.  198 
 199 
2.9.  Water holding capacity of acid milk gels 200 
 201 
Acid milk gels (20 g) were formed in situ in centrifuge tubes and centrifuged at 640 × 202 
g for 20 min at 4 °C as described previously (Karam, Gaiani, Hosri, Hussain, & Scher, 2015). 203 
The supernatant was collected and weighed. Measurements were taken in triplicate for each 204 
acid milk gel. 205 
 Water holding capacity (WHC) was calculated according to the following equation: 206 
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2.10.  Textural properties of acid milk gels 208 
 209 
Textural properties of acid milk gels were characterised using the back extrusion 210 















some modifications. Back extrusion tests were performed using a Texture Analyser TA-XT2i 212 
(Stable Micro Systems Ltd., Godalming, Surrey, UK), equipped with a 5 kg load cell. Acid 213 
milk gels were produced in glass beakers (internal diameter = 50 mm; height = 65 mm) and 214 
stored at 4 °C. Measurements were carried out 18-24 h following gel formation and 215 
immediately after removal from storage at 4 °C. An extrusion disc (Ø = 35 mm), operating at 216 
a fixed test speed of 1.0 mm s-1, to a depth of 25 mm, was used. The force-time curves were 217 
analysed using Texture Expert Exceed (Stable Micro Systems Ltd.). The textural parameters 218 
measured were: maximum positive force in compression (f rmness); positive area of the 219 
curve, which indicates the internal strength of bonds within the product (consistency); 220 
maximum negative force of the curve, which indicates the force required to withdraw the 221 
probe from the sample (cohesiveness); and negative rea of the curve (viscosity index). 222 
Triplicate measurements were taken on each acid milk gel. 223 
 224 
2.11.  Statistical analyses 225 
 226 
One-way analysis of variance (ANOVA) and Tukey’s multiple comparison test were 227 
applied to the values obtained from the different analyses to determine which mean values 228 
were significantly different from one another at the 95% confidence level. Results are 229 
presented with the mean value ± standard deviation. The mean values were statistically 230 
compared using the R software (version R i386 3.0.2) (R Foundation for Statistical 231 
Computing, Vienna, Austria). 232 
 233 
3.  Results and discussion 234 
 235 
















The apparent viscosity values of the unheated milk protein suspensions measured at 238 
20 °C at a constant shear rate of 500 s-1 are presented in Table 2. This analysis was performed 239 
on the unheated suspensions at a relatively high shear rate to determine if the addition of 240 
MWP to the formulations influenced the viscosity of the suspensions during processing (e.g., 241 
pumping). The apparent viscosity of the unheated milk protein suspensions decreased 242 
significantly (P < 0.05) with increasing MWP content, even though there was an increase in 243 
the total solids content (caused mainly by the higher lactose content of the MWP ingredient) 244 
of the suspensions with increasing level of addition of MWP. The differences in apparent 245 
viscosity values can be explained by the average particle size in the suspensions, which 246 
increased with increasing level of addition of MWP (Table 2), leading to a lower extent of 247 
protein particle-particle interactions, and consequently to a decrease in the apparent viscosity 248 
(Krzeminski, Großhable, & Hinrichs, 2011); in addition, all of the particle size distribution 249 
profiles were mono-modal. Indeed, dispersions of MWP typically have protein aggregates in 250 
the diameter size range of 0.1–3.0 µm, with an average diameter of 1 µm (Bansal & 251 
Bhandari, 2016), much larger than the diameter of casein micelles in MPC (~202 nm; Silva & 252 
O’Mahony, 2016), which MWP is effectively replacing in formulations used in the current 253 
study.  254 
Viscosity profiles for the milk protein suspensions during laboratory-scale HTST 255 
treatment are shown in Fig. 1. As expected, apparent viscosity values decreased with 256 
increasing temperature for all milk protein suspensio s. The viscosity of milk and 257 
concentrated milk systems generally decreases with increasing temperature (Crowley, 258 
Dowling, Caldeo, Kelly, & O’Mahony, 2016; Horne, 1998; Joyce, Brodkorb, Kelly, & 259 
O’Mahony, 2016). Horne (1998) suggested that as the temperature of milk suspensions is 260 















tightened (i.e., become more compact), allowing the suspensions to flow more freely, 262 
contributing to a decrease in the apparent viscosity. The viscosity behaviour during heating 263 
(from 20 to 80 °C) was similar for all the suspensio , irrespective of the level of addition of 264 
MWP. However, during cooling (from 80 to 30 °C), and on holding at 30 °C at the end of the 265 
HTST process, the viscosity values were significantly (P < 0.05) higher for suspensions with 266 
higher levels of addition of MWP (Fig. 1). 267 
 268 
3.2.  Physical properties of acid milk gels 269 
 270 
3.2.1.  Small and large deformation rheological properties of acid milk gels  271 
The effect of MWP addition on the changes in storage modulus (G′) with time during 272 
the formation of acid milk gels was studied using small amplitude oscillatory rheology 273 
(SAOR) and is shown in Fig. 2. The gelation time (GT) was generally longer for samples 274 
containing MWP compared with C, in agreement with Sturaro, Penasa, Cassandro, Varotto, 275 
and De Marchi (2014) who studied the effect of MWP addition on rennet coagulation of milk. 276 
In the current study, the longer gelation time for the samples containing MWP (GT for LS = 277 
110 ± 1.7 min; MS = 108 ± 4.9 min; HS = 104 ± 5.4 min) compared with C (89 ± 1.6 min) 278 
can be explained mainly by the presence of MWP in those samples, which decreased the 279 
effective concentration of casein available for gel formation, and consequently the rate of 280 
aggregation of casein particles during gel formation, leading to delayed gelation. Moreover, 281 
the higher viscosity of the heated milk protein suspensions containing MWP (Fig. 1) would 282 
be expected to have slowed diffusion of protein during gelation and consequently slowed gel 283 
assembly compared with the control (C) sample. However, the TS sample presented a shorter 284 
gelation time (87 ± 0.3 min) and a higher gelation pH compared with the other samples. This 285 















higher concentration of denatured/aggregated whey protein compared with the other samples. 287 
In addition, as the isoelectric points of the whey proteins (~5.2 to 4.8) are higher than those of 288 
the caseins (~4.6), the denatured whey proteins would be expected to aggregate at a higher 289 
pH than casein particles (Lucey, Teo, Munro, & Singh, 1997).  290 
In general, G′ values during the formation of the acid gels were lower for the samples 291 
containing MWP (LS, MS, HS, TS) compared with C (Fig. 2). However, these changes were 292 
not directly related to the addition level of MWP, as the HS sample presented higher G′ 293 
values compared with the LS and MS samples. These results showed that low and medium 294 
level MWP addition were sufficient to significantly decrease (P < 0.05) the G′ values of the 295 
gels. 296 
The TS sample showed a rapid increase in the G′ values during the early stages of 297 
acidification/gelation, followed by a reduction in the rate of increase at the later stages of the 298 
gelation process. Gels that have the ability to rearrange strongly at higher pH tend to be 299 
weaker (Chever et al., 2014), which can explain whythe TS gel had lower G′ values at the 300 
end of acidification compared with the other samples (Fig. 2). Moreover, the formation of 301 
large denatured whey protein:casein aggregates in the samples containing high MWP content 302 
altered the gelation process during acidification of heated milk suspensions, leading to the 303 
formation of softer gels, in agreement with Lucey et al. (1997).  304 
Large deformation rheological properties of the acid m lk gels are shown in Fig. 3. At 305 
low shear strain values, the plots of shear stress as a function of shear strain were quite 306 
similar for the different acid milk gels. However, the shear stress at yielding was significantly 307 
(P < 0.05) lower for the acid milk gels containing MWP compared with the control sample. In 308 
addition, the shear stress and shear strain at yielding decreased significantly (P < 0.05) with 309 
increasing level of addition of MWP. These results confirmed that the TS gel was much 310 
















3.2.2.  Textural properties of acid milk gels 313 
Four textural parameters (firmness, consistency, cohesiveness and viscosity index) 314 
were determined for the different acid milk gels and their values are shown in Table 3. 315 
Textural parameters were measured in the gels that were stored at 4 °C and were in good 316 
agreement with the large deformation rheological prope ties of the gels measured at 30 °C. 317 
Indeed, these results clearly showed that the addition of MWP led to the formation of softer 318 
acid milk gels compared with the control sample. These results are consistent with findings of 319 
other authors reporting softening of the texture of yoghurts or cheeses with the addition of 320 
MWP (Lobato-Calleros et al., 2007; Sahan et al., 2008; Sandoval-Castilla et al., 2004; 321 
Schenkel et al., 2013; Torres et al., 2016). In addition, the values for the textural parameters 322 
generally decreased with increasing MWP content, although these differences were not 323 
always significant (P < 0.05) between LS, MS and HS. The TS gel presented much lower 324 
values for textural parameters compared with the otr gels. The reasons for the softness of 325 
the TS gel compared with the others are related to the higher gelation pH and the rheological 326 
behaviour of this sample during the acidification process, as previously discussed.  327 
 328 
3.2.3.  Microstructural properties and water holding capacity of acid milk gels 329 
The CLSM technique was used to visualise the protein microstructural network in the 330 
acid milk gels obtained from acidification of heated milk protein suspensions containing 331 
different MWP contents (from 0% to 4.4%, w/w) (see Fig. 4). The CLSM micrographs 332 
showed that the control gel presented a relatively fine network, containing numerous small 333 
pores. The addition of MWP contributed to a more opn structure due to the creation of new 334 
serum channels in the acid milk gels. The inclusion of the MWP particles increased the 335 















studies (Sturaro et al., 2014; Torres et al., 2011). This can help explain the softness of the 337 
acid milk gels containing MWP, which were less elastic and less firm compared with the 338 
control gel. In an analogous manner, McMahon et al. (1996) showed that when large serum 339 
channels are distributed throughout the protein network of Mozzarella cheese, the cheese is 340 
softer and more pliable because of the increased moisture and decreased coalescence of the 341 
protein strands. In the TS gel, the presence of large whey protein aggregates, due to the high 342 
level of addition of MWP, seemed to interfere strongly with the homogeneity of the network 343 
and regularity of the protein phase, leading to excessive softening (Krzeminski et al., 2011; 344 
Schenkel et al., 2013).  345 
To confirm these differences in coarseness perceived qualitatively for the different 346 
acid milk gels, image analysis was applied to a serie  of obtained micrographs for each 347 
sample and two microstructural parameters (porosity and tortuosity) were measured. Porosity 348 
and tortuosity values for the different acid milk gels are shown in Table 3. The porosity of the 349 
acid milk gels increased significantly (P < 0.05) and the tortuosity decreased significantly (P 350 
< 0.05) with increasing level of addition of MWP. The quantification of these microstructural 351 
parameters confirmed that the addition of MWP allowed the formation of cavities (i.e., new 352 
serum channels) in the acid milk gel protein network st uctures, leading to a more porous and 353 
open structure, characterised by a greater connectivity between the pores, i.e., lower 354 
tortuosity. 355 
The WHC of the acid milk gels decreased significantly (P < 0.05) with increasing 356 
MWP content (Table 3), in agreement with Purwanti et al. (2013). Purwanti et al. (2013) used 357 
whey protein isolate (WPI) as a model protein in high protein, concentrated suspensions and 358 
observed that the micro-structuring introduced domains with different protein contents, and 359 
hence, provided a driving force for migration of water and other components. Something 360 















with the control gel. This can be explained by the more open structure and higher porosity of 362 
the samples containing higher levels of addition of MWP, which facilitated greater expulsion 363 
of the serum phase during centrifugation compared with the control sample gel. These results 364 
showed that the WHC of the gels can be explained by this length scale evaluation of gel 365 
microstructure. Another factor that may explain the lower WHC of the acid milk gels with 366 
higher levels of addition of MWP is the increased ratio of denatured to native whey protein. 367 
Torres et al. (2011) showed that yoghurt systems with a greater proportion of denatured whey 368 
proteins provided gels with lower WHC. Moreover, with increasing MWP content, the 369 
samples contain a lower ratio of casein to non-casein protein, which could also contribute to 370 
the lower WHC of the gels containing MWP compared with the control gel. Moreover, while 371 
other authors (Meletharayil, Patel, Metzger, & Huppertz, 2016) have observed that the 372 
properties of acid gels are influenced by the lactose content of reconstituted protein systems, 373 
it is not believed that the slight increase in lactose content with increasing levels of 374 
incorporation of MWP could explain the differences in WHC measured in the present study.  375 
 376 
 377 
4.  Conclusions 378 
 379 
This study showed that the incorporation of MWP in fat-free, high-protein milk 380 
systems influenced the rheological, microstructural, textural and water holding properties of 381 
the resulting acid gels. The acid milk gels containing MWP had lower storage modulus, lower 382 
yield stress, lower firmness, higher porosity, lower tortuosity and lower water holding 383 
capacity compared with the control gel (made withou MWP). The incorporation of MWP is 384 















results are useful in the development of low-fat, high-protein fresh dairy products with 386 
tailored and desired textural and functional characteristics. 387 
 388 
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Fig. 1. Viscosity during laboratory-scale HTST treatment of the milk protein suspensions: , 
control; , low MWP; , medium MWP; , high MWP; , total MWP. The temperature 
profile is shown by the broken line. Values are means from replicates (n ≥ 3). 
 
Fig. 2. Storage modulus (G′) as a function of incubation time post addition of GdL during the 
formation of acid milk gels made by acidification of the heated milk protein suspensions: , 
control; , low MWP; , medium MWP; , high MWP; , total MWP. Values are means 
from replicates (n ≥ 3). 
 
Fig. 3. Shear stress as a function of applied deformation at a constant shear rate (0.01 s-1) for 
acid milk gels made by acidification of the heated milk protein suspensions with GdL at 30 
°C: , control; , low MWP; , medium MWP; , high MWP; , total MWP. Values are 
means from replicates (n ≥ 3). 
 
Fig. 4. Representative CLSM micrographs of acid milk gels made by acidification of the 
heated milk protein suspensions with GdL at 30 °C: (a) control, (b) low MWP, (c) medium 
















Protein composition of reconstituted milk protein suspensions obtained from reconstitution of 
skim milk powder, milk protein concentrate and microparticulated whey protein in deionised 
water. a 
Suspension Protein composition (%, 
w/w) 
SMP MPC MWP 
C 5.70 2.30 0.00 
LS 5.70 2.01 0.29 
MS 5.70 1.72 0.58 
HS 5.70 1.15 1.15 
TS 5.70 0.00 2.30 
 
a Abbreviations are: SMP, skim milk powder;  MPC, milk protein concentrate; MWP, 
microparticulated whey protein; C, control; LS, low MWP; MS, medium MWP; HS, high 















Apparent viscosity and protein particle size of unheated milk protein suspensions. a 
Unheated 
suspension 
Apparent viscosity  
(mPa s) 
Protein particle size  
(nm) 
C 7.46d ± 0.02 211a ± 2 
LS 6.97c ± 0.02 212a ± 2 
MS 6.96c ± 0.04 214b ± 4 
HS 6.51b ± 0.04 219c ± 4 
TS 6.34a ± 0.01 228d ± 4 
 
a Abbreviations are: C, control; LS, low microparticulated whey protein (MWP); MS, medium 
MWP: HS, high MWP; TS, total MWP. Values are means (n ≥ 3) ± standard deviation; means 















Textural parameters (firmness, consistency, cohesiveness and viscosity index), 
microstructural parameters (porosity and tortuosity) and water holding capacity of acid milk 
gels. a 
 
a Abbreviations are: WHC, water holding capacity; C, control (C), LS, low microparticulated 
whey protein (MWP); MS, medium MWP: HS, high MWP; TS, total MWP. The values are 
means (n ≥ 3) ± standard deviation; means with different superscript letters in the same 












Porosity Tortuosity WHC  
(%) 
C 3.6c ± 0.2 89.9c ± 4.0 1.7c ± 0.0 14.7b ± 0.5 0.48a ± 0.03 1.50e ± 0.27 93.1e ± 0.2 
LS 3.3b ± 0.0 83.6b ± 2.0 1.6b ± 0.0 12.8ab ± 0.1 0.52b ± 0.05 1.25d ± 0.13 92.5d ± 0.1 
MS 3.2b ± 0.1 83.0b ± 2.4 1.6b ± 0.1 14.5b ± 0.3 0.56c ± 0.01 1.19c ± 0.04 92.2c ± 0.1 
HS 3.2b ± 0.1 80.9b ± 2.4 1.6b ± 0.1 13.5ab ± 0.4 0.65d ± 0.03 1.10b ± 0.03 91.8b ± 0.1 
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